Although Candida tropicalis has become an increasingly important human pathogen, little is known regarding its potential to cause disease. In this study we evaluated the phenotypic switching ability of C. tropicalis and analyzed the effect of switching on biological properties related to virulence factors. We demonstrated that C. tropicalis switched spontaneously, reversibly and at high frequency (10 −1 to 10 −3 ) when grown on yeast extract-peptone-D-glucose (YPD) agar medium. Phenotypic switching in five clinical isolates of C. tropicalis resulted in colonies exhibiting the following morphologies: crepe, rough, crater, irregular center, mycelial and diffuse. The majority of the variant colonies were associated with higher percentages of filamentous growth relative to their parental unswitched isolates. Significant differences (P < 0.05) in the production of hemolytic factor were found between most of the switched variants and their respective parental counterparts. Variant colonies exhibiting the crepe (derived from isolates 49.07 and 100.10) and rough phenotype (derived from isolate 49.07) had higher biofilm formation than their parental counterparts exhibiting a smooth dome surface (P < 0.05). Our data revealed that switching was correlated with changes in the in vitro minimum inhibitory concentrations (MICs) of a subset of the switched variants phenotypes to itraconazole. While the MIC to itraconazole was higher for crepe variant compared with its parental isolate 49.07, the rough variant of 100.10 had a lower MIC to this antifungal agent. The presented data support the role of phenotypic switching in promoting changes in phenotypic expression of putative virulence traits and itraconazole susceptibility of clinical isolates of C. tropicalis.
Introduction
Candida species are the most common cause of opportunistic fungal infection worldwide, and Candida albicans is responsible for most of these infections. However, non-Candida albicans Candida (NCAC) species have been recently identified as common pathogens. According to epidemiological surveys, Candida tropicalis is one of the most commonly isolated NCAC species in tropical countries [1] [2] [3] [4] [5] . In Brazilian tertiary-care hospitals, C. tropicalis accounts for 33-48% of all Candida bloodstream infections [6] [7] [8] .
Multiple characteristics have been proposed to be putative virulence factors related to the pathogenesis of C. tropicalis, including adherence to host surfaces and medical devices, morphogenesis from blastoconidia to filamentous forms, tissue invasion, biofilm formation and production of extracellular enzymes [9] [10] [11] [12] [13] . Furthermore, it was recently demonstrated that clinical isolates of C. tropicalis secrete a hemolytic factor into culture media [14] .
Phenotypic switching has been suggested to contribute to Candida pathogenesis by providing variability within colonizing populations that allows for the organism to adapt to different challenging environments, including distinct anatomical sites in the human body [15] . A switching event represents an alternative epigenetic state that occurs in a small fraction of the population and is random and reversible. For fungi, this event manifests as an altered colony morphology, which occurs at a rate that is higher than the somatic mutation rate [16] . Phenotypic switching was originally described in C. albicans strains [16] but is also known to exist in other Candida species, including C. tropicalis [17] [18] [19] [20] [21] . Joly et al. [22] were the first to demonstrate that switch phenotypes of C. tropicalis maintain the same genotype and therefore actually represent alternative phenotypes of the same strain. Switching has been demonstrated to regulate a number of phenotypic characteristics involved in the pathogenesis of C. albicans [16, [23] [24] [25] , whereas in C. tropicalis it has been shown to affect biofilm formation [21] and regulate a cryptic program of sexual mating [20] .
In this study, we employed a set of five clinical isolates of C. tropicalis and eight switch phenotypic variants to test for a possible association between switching and phenotypic expression of virulence factors and antifungal susceptibility profiles. Our data indicated that the switching event exerted a variable influence on virulence traits of C. tropicalis, including hemolytic activity, biofilm production and filamentation, as well as on their itraconazole sensitivity.
Materials and methods

Candida isolates
Clinical isolates of C. tropicalis initially recovered from tracheal secretion (49.07, 335.07) and blood (46.10, 100.10 and 236.10) were obtained from the Fungal Genetics Laboratory, The University of Londrina, Brazil, and maintained as stock cultures on yeast extract-peptone-D-glucose (YPD) agar at − 20
• C in glycerol. The strains were presumptively identified using CHROMagar Candida agar (CA; CHROMagar, France) and then confirmed by PCR with C. tropicalis species-specific primers, as described previously [26] .
Screening assay for phenotypic switching
Switch phenotypic variants were obtained, as described by França et al. [21] , with modifications. Cells from a single 4-day-old colony of each clinical isolate of C. tropicalis were suspended in 3 ml YPD broth (1% yeast extract, 2% peptone, 2% dextrose) and grown in submerged culture (180 rpm) for 24 h at 28
• C. The resultant suspension was diluted in distilled water and inoculated onto YPD agar at a density of 300 colony-forming units (CFU) per plate. The plates were incubated at 28
• C for 4 days, and the phenotypes of the colonies were scored.
Analysis of colony phenotypes
Colonies displaying morphology different than the parental colonies (parental wild-type phenotype) were considered to be phenotypic variants. Successive culture of parental and distinct variant colonies on YPD medium for up to 10 times was used to assess the stability of the phenotype. The stable colony phenotypes were photographed using a stereoscopic microscope (Nikon SMZ-745). Cells from parental and variants colonies were examined microscopically after a 4-day incubation to assess any differences in their morphology, especially with respect to filamentation. To estimate the number of filamentous forms, direct counting of 3,000 cells was performed using a Neubauer counting chamber. Three colonies for each morphotype (parental and variants) were analyzed.
Semi-quantification of extracellular hemolytic factor and proteinases
The in vitro hemolytic and proteolytic activities of the morphotypes were determined using the plate assay, as described previously [26] , with modifications. A colony of each morphotype (parental and variants) grown for 96 h at 28
• C on YPD agar was harvested, washed with sterile water, and a yeast suspension of a specific concentration was prepared using hemocytometer. To measure the hemolytic activity, 2 µl (2.0 × 10 5 cells) of the suspension was spotinoculated on Sabouraud agar supplemented with 7% fresh sheep blood. The plates were incubated at 37
• C for 48 h and the presence of a translucent or a greenish halo circumscribing the inoculum site was considered to be indicative of positive hemolytic activity. The ratio of the diameter of the colony relative to that of the zone of hemolysis plus the colony was used to assess the extent of hemolytic activity.
To measure the proteolytic activity, the cell suspensions of similar concentrations were inoculated on basal minimal medium (20% glucose, 0.1% yeast extract, 0.02% MgSO 4 . 7H 2 O, 0.25% K 2 HPO 4 , 0.5% NaCl and 1.5% solidified agar, pH 4.5) supplemented with 0.2% bovine serum albumin (BSA). The plates were incubated for 96 h at 37
• C, and the proteolytic activity was determined based on the degradation of the substrate halo around the colony.
Biofilm biomass quantification
Biofilm was produced as previously described by Silva et al. [27] , with modifications. Briefly, cell suspensions were obtained from a single colony for each morphotype (parental and variants) following growth for 96 h at 28
• C. Standardized cell suspensions (200 µl containing 5 × 10 7 cells/ml in YPD) were placed into selected wells of 96-well polystyrene microtiter plates and incubated at 37
• C at 120 rev/min. After 24 h, 100 µl of YPD suspension was removed, and an equal volume of fresh YPD was added. The preparations were then incubated for an additional 24 h. The medium was then aspirated, and non-adherent cells were removed by washing the biofilms twice with sterile ultra-pure water. Biofilm-forming ability was assessed by quantification of the total biomass using crystal violet (CV) staining. After washing, the biofilms were fixed with 200 µl of methanol, which was removed after 15 min. The microtiter plates were allowed to dry at room temperature, and 200 µl of CV (1% v/v) was added to each well and incubated for 5 min. The wells were then gently washed with sterile, ultra-pure water, and 200 µl of acetic acid (33% v/v) was added to release and dissolve the stain. The absorbance of the obtained solution was read in triplicate in a microtiter plate reader (Bio-Tek EL 808) at 540 nm. The experiments were performed in triplicate and repeated twice in independent assays.
Testing and interpretation of in vitro susceptibility to antifungal agents
Antifungal susceptibility was determined using Etest strips, according to the manufacturer's instructions (AB Biodisk, Solna, Sweden). The following antifungal agents were tested: fluconazole (FLU), amphotericin B (AmB) and itraconazole (ITR). The MIC (μg/ml) for amphotericin B was determined by noting where the ellipse intercepted the MIC value scale for 100% growth inhibition. For the azoles, the MIC (μg/ml) was established by where the ellipse intercepted the MIC value scale for 80% inhibition of growth. The cut-off points used for fluconazole were ≤ 2 µg/ml (susceptible), 4 µg/ml (susceptible dose-dependent [SDD]) and ≥ 8µg/ml (resistant) [29] . Although susceptibility breakpoints have not been established for amphotericin B, the values suggested in previous reports were employed, i.e., a MIC ≤ 1 µg/ml was considered to be susceptible [30] . A quality control test was performed employing the standard strain C. parapsilosis ATCC 22019.
Statistical analysis
Student's t-tests were performed using SPSS 17.0 software. P < 0.05 was considered to be significant.
Results
Identification of colony phenotypes
As shown in Figure 1 , clinical isolates of C. tropicalis underwent switching on YPD agar medium at a high frequency (10 −1 to 10 −3 ). A total of eight stable switched colony phenotypes (colony variants) were obtained as individual subclones from clinical isolates (Fig. 1a-e) . Reversibility (switching back to the original parental phenotype) was observed for all of the variants at frequencies equal to or greater than 10 −3 ( Fig. 1 ).
All initial isolates, except isolate 46.10 exhibited a smooth colony phenotype (smooth dome) with no markedly structured morphology, whereas the majority of the switched colonies exhibited an irregular and more structured dome surface (more structured colonies; Fig. 1) .
Cells of random colonies of unswitched and switched phenotypes were examined microscopically after the 4-day incubation period in order to assess cellular morphologies, particularly filamentous forms (hypha and pseudohypha form; Fig. 2 ). Isolates 49.07 and 100.10 both generated two variant colonies, which were denoted crepe and rough (Fig. 1a, c) .
Under light microscopy, colonies with these phenotypes included a higher percentage of filamentous forms than their parental counterparts with smooth colony domes (Fig. 2) . The other isolates generated switched colonies denoted crater, irregular center, mycelial and diffuse (Fig. 1b, d, e) . With the exception of strain 46.10, all switched colonies included a higher percentage of filamentous forms than their parental counterparts (Fig. 2) .
The evaluation of hemolytic and proteolytic capabilities of switch variants
At 48 h post-inoculation on blood-enriched medium, all of the morphotypes (unswitched parental and switched variant phenotypes) tested exhibited a characteristic internal translucent ring, resembling beta-hemolysis, surrounded by a peripheral greenish-grey halo on sheep blood agar medium (data not shown). The production of hemolytic factor varied for the majority of the switched variants compared with their respective parental counterparts (Fig. 3) . The hemolysis activity associated with switched colonies exhibiting crepe and rough phenotypes, derived from isolates 49.07 and 100.10, was lower than that associated with their respective parental counterparts (P < 0.05) (Fig. 3a, c) . In contrast, the colony with the crater phenotype, derived from the isolate 335.07, expressed higher hemolytic activity than its parental counterpart (P < 0.05) (Fig. 3b) . No differences were observed in the production of hemolytic factor between variants and parental phenotypes of the isolates 46.10 and 236.10 (data not shown).
The analysis of proteinase activity revealed that isolates 100.10 and 236.10 and their respective switched variants demonstrated no proteolytic activity (Pz = 1.0). For the remaining morphotypes, no differences in the proteolytic activities were observed between switched variants and their parent phenotypes (P > 0.05) (data not shown).
Biofilm-forming ability of the switch phenotypes
The results of biofilm quantification are shown in Figure 4 . All of the morphotypes formed biofilms, although the biofilm-forming ability varied among them. The amount of biofilm generated by the switched crepe and rough phenotypes was higher than the amount of biofilm generated by their unswitched parent (49.07) exhibiting the smooth phenotype (P < 0.05). Similarly, the amount of biofilm generated by the crepe phenotype derived from isolate 100.10 was significantly higher than the amount of biofilm generated by cells of its parental counterpart (P < 0.05). For the remaining morphotypes, no differences in biofilm formation were observed between switched variants and their parental counterparts (P > 0.05) (Fig. 4) .
Under light microscopy, the structure of the biofilms on polystyrene plates was observed to vary among different morphotypes. The switched variants (crepe and rough) that exhibited higher amount of biofilm in relation to their parental counterparts comprised a dense network of yeasts and filamentous forms (data not shown). Table 1 shows the MICs of amphotericin B, fluconazole and itraconazole for the C. tropicalis morphotypes. All of the morphotypes tested were susceptible to amphotericin B (MIC, 0.012-0.125 µg/ml) and fluconazole (MIC, 0.19-1.0 µg/ml). As there are no interpretative breakpoints for C. tropicalis and itraconazole, the morphotypes were not categorized as itraconazole-resistant or -susceptible, although our data revealed differences in the MICs of itraconazole for a subset of the switched phenotypes. For example, for the crepe colony phenotype derived from isolate 49.07, the MIC (3.0 µg/ml) was considerably higher than that observed for its parental morphotype (0.008 µg/ml); for the rough phenotype derived from isolate 100.10, the MIC (0.023 µg/ml) was lower than that observed for its parental counterpart (3.0 µg/ml) ( Table 1) .
Analysis of in vitro susceptibility to antifungal agents
Discussion
Compared with C. albicans, there are relatively few studies examining the virulence factors of C. tropicalis. It has been assumed that among Candida spp. switching is very important for fungal adaptability to the changing environments during infection of humans [16] . Previous studies of switching in C. tropicalis revealed the occurrence of a variable repertoire of colonies variants from distinct strains [17] [18] [19] [20] [21] .
Here, the event of phenotypic switching in five distinct clinical isolates of C. tropicalis resulted in colonies exhibiting different morphologies, i.e., crepe, rough, crater, irregular center, mycelial and diffuse (Fig. 1) . These results are somewhat different from previously reported systems [17] [18] [19] [20] [21] . The majority of the isolates tested in this investigation exhibited the commonly smooth phenotype (49.07, 335.07, 100.10 and 236.10), whereas isolate 46.10 had an irregular dome surface and was named fuzzy.
To test whether switching in C. tropicalis affects cellular morphology, colony samples were examined at a microscopic scale. Cells of random 4-day-old colonies of all 13 morphotypes (5 parental and 8 switched variants) that remained stable for 10 sequential growth cycles were examined. For all of the isolates tested, except isolate 46.10, the switched variant colonies were observed to have higher percentages of filamentous growth forms than their respective parental counterparts. In C. albicans [31, 32] , C. glabrata [33] and C. lusitaniae [34] , switching between colony phenotypes also involved a change in cellular morphology. According to Radford et al. [32] , the relationship between C. albicans switched variant colonies and microstructure helps to elucidate the relationship between in vivo pathogenicity and in vitro colonial morphology.
Based on the observation that in vitro switching regulates a variety of putative virulence traits in Candida spp., including the expression of secreted aspartyl proteinases in C. albicans and a hemolysin-like protein in C. glabrata [16, 23, 35] , we examined whether switching in C. tropicalis affects hemolytic and proteinase activities.
Our data demonstrated that hemolytic activity varied as a function of colony morphology for the majority of the variant morphotypes studied (five of eight). Of these, one variant expressed higher hemolytic activity than its parental counterpart, whereas the remaining variants were found to have lower activities than their parental counterparts (Fig. 3) . According to previous studies, the hemolytic factor secreted by C. albicans is a mannoprotein, which has a cell-wall mannan sugar moiety structure [36] . Considering a previous investigation demonstrated that C. tropicalis cell-wall mannan is able to cause hemolysis [14] , the data obtained in this study are concordant with the expectation that morphology is associated with differential hemolysis capabilities. To the best of our knowledge, this represents the first report of differential hemolysis promoted by switch phenotypes in Candida. The hemolytic factor is a putative virulence attribute contributing to Candida pathogenesis [37] . For C. albicans, it has been shown that secretion of hemolytic factor causes the release of hemoglobin, which is then used as an iron source by the organism [38] . We have recently demonstrated that a hemolytic factor is secreted by C. tropicalis cultures, and it is produced by different isolates and is independent of their clinical origin [14, 26] . According to previous studies, although systemic hemolysis may not be caused by the hemolytic factor secreted by C. albicans, hemolysis around infected sites may enhance fungal growth [39] .
The analysis of proteinase activities of C. tropicalis morphotypes revealed no differences between parental and variant phenotypes, in contrast to that described in switched phenotypes of C. albicans [23, 24] .
The biofilm-producing capability by Candida is an important virulence attribute closely related to the increasing prevalence of Candida infection and resistance to antifungal therapy [40] . The ability to form biofilm is one of the primary virulence factors of C. tropicalis [27, 41] and it should be noted that antifungal resistance in C. tropicalis has been described as being a result of biofilm production [42] . In the present study, we demonstrated that switching affected biofilm formation, in that three of eight switched variants tested produced a higher mass of biofilm than their parental isolates. Interestingly, these variant phenotypes (crepe and rough) exhibited markedly structured colony morphologies compared with their smooth dome surface parental phenotype and other morphotypes with less structured morphologies (Fig. 1) . Similarly, it has been demonstrated that C. parapsilosis with smooth phenotypes form less biofilm than more structured colony shapes [43] . According to these authors, it is also likely that filamentation and biofilm formation in C. parapsilosis are closely correlated. These data extended our previous observation that switching in C. tropicalis plays an important role in biofilm-forming ability [21] .
We lastly investigated the possible effect of switching on antifungal susceptibility. The data presented in Table 1 provide evidence that switching was correlated with changes in MICs of itraconazole for some of the switched phenotypes, each exhibiting a specific susceptibility profile. In isolate 49.07, the itraconazole MIC was higher for crepe variant compared with its parental isolate; in isolate 100.10, the MIC of itraconazole was lower for rough variant compared with their parental isolate. In contrast, no differences were found in susceptibilities to amphotericin B and fluconazole among switched variants.
Switching in C. albicans strains obtained from HIVpositive individuals has been found to affect yeast drug susceptibilities [23] . C. lusitaniae switching has also been reported to affect drug susceptibility [44] . According to these authors, the switched phenotype develops a cross-resistance to azoles (fluconazole and itraconazole). The results highlight the importance of assessing a possible morphologic switching in primary yeast cultures [44] .
The findings reported here suggest, for the first time, that phenotypic switching in clinical isolates of C. tropicalis affects multiple biological attributes. In this regard, the switch variant denoted crepe, derived from isolate 49.07, exhibited altered phenotypic expression of the majority of the putative virulence factors tested. Further studies will be aimed at understanding the molecular mechanisms that are responsible for these changes.
